[1] Benthic foraminiferal oxygen isotope ratios from two sediment cores recovered at 426 and 1299 m water depth in the eastern and western tropical Atlantic show that a slowdown of the thermohaline circulation (THC) during Heinrich event H1 and the Younger Dryas was accompanied by rapid and intense warming of intermediate depth waters. Millennial-scale covariations of low paleosalinities in the subpolar North Atlantic with decreased benthic oxygen isotope ratios in the eastern tropical Atlantic throughout the past 10,000 years suggest that THC weakening might be related to middepth warming during the Holocene period as well. Climate model experiments simulating a strong reduction of the THC in the Atlantic Ocean under present-day and glacial conditions reveal that the increase of temperature in the middepth tropical and South Atlantic is a common feature for both climatic states, caused by a reduced ventilation of cold intermediate and deep waters in conjunction with downward mixing of heat from the thermocline. From the similarity of the paleoclimatic records with the model simulations, we infer that the characteristic pattern of temperature change in the Atlantic Ocean related to weakened thermohaline circulation can serve as an indicator of present-day and future THC slowdown.
Introduction
[2] Millennial climate changes under glacial and interglacial conditions have been related to changes in the Atlantic meridional overturning circulation [e.g., Bond et al., 1997 Bond et al., , 2001 Oppo et al., 2001 Oppo et al., , 2003 . In particular, the strong increase in atmospheric radiocarbon during the last two large abrupt climate events, Heinrich event H1 (16,000 years BP) and the Younger Dryas (12,000 years BP), indicates that these climate shifts were associated with massive reductions in the rate of the North Atlantic Deep Water (NADW) formation Clark et al., 2002] , possibly triggered by iceberg or meltwater discharge into the northern North Atlantic [Broecker, 1994] . Paleodata and simulations with ocean-climate general circulation models point out that the shifts in thermohaline circulation (THC) strength involved a characteristic seesaw pattern of sea-surface temperature change. Caused by the massive decrease in the Atlantic northward heat transport, the surface northern North Atlantic cooled by up to several degrees Celsius, while the western tropical Atlantic and South Atlantic slightly warmed by up to $1°C [Mix et al., 1986; Charles et al., 1996; Manabe and Stouffer, 1997; Arz et al., 1999; Rühlemann et al., 1999; Vidal et al., 1999; Hüls and Zahn, 2000] . Climate models furthermore predict a salient warming at intermediate depths for present climate conditions that can reach up to several degrees Celsius in the tropical latitudes [Manabe and Stouffer, 1997; Rind et al., 2001] . However, none of the general circulation models used to study the temperature response to THC weakening has been conducted for present and past climate conditions (i.e., glacial insolation, ice sheet distributions, atmospheric greenhouse gases). Therefore it remains unclear whether the pronounced intermediate depth warming is a characteristic of THC slowdown for modern as well as for glacial climate conditions.
[3] Changes in the Atlantic THC might have also affected the climate of the relatively stable Holocene period. Paleoclimate records from high-latitude marine sediments show that the current interglacial interval was punctuated by several millennial-scale cooling events, albeit considerably weaker in amplitude than its glacial counterparts [Bond et al., 1997 [Bond et al., , 2001 . High-resolution sediment records of sortable silt [Bianchi and McCave, 1999] and benthic foraminiferal carbon isotopes [Oppo et al., 2003] suggest that these cooling events may have been related to changes in the rate of NADW formation. Unlike for high latitudes, little is known about Holocene millennial temperature changes in the low-latitude Atlantic [deMenocal et al., 2000; Poore et al., 2003] and its relation to changes in THC. Understanding this teleconnection of climate variability is particularly relevant because the meridional overturning circulation constitutes a major uncertainty in the prediction of future climate. On the basis of various climate modeling studies the Intergovernmental Panel on Climate Change (IPCC) anticipates that anthropogenic increases in atmospheric greenhouse gas concentrations will possibly cause a weakening or even a shutdown of the Atlantic THC through global heating and intensification of the hydrological cycle [Cubasch et al., 2001] . For the early detection of THC weakening, it would thus be valuable to know the characteristic pattern of a concomitant ocean temperature change.
[ at ODP site 1078C are due to resuspension of Angola shelf fine material (Figure 2 ).
Stable Oxygen Isotopes
[6] To reconstruct intermediate depth temperatures, we used the oxygen isotope composition of the epibenthic foraminifera Cibicidoides wuellerstorfi for the Caribbean core M35003-4, sampled at 5 cm intervals corresponding to $310 years ( Figure 2a ; data are from Hüls [2000] provided through the PANGEA database; for replicate determinations of d
18
O at core depths 275, 280, 285, and 295 cm, we used the average values). Owing to the limited abundance of C. wuellerstorfi in ODP core 1078C, we employed the endobenthic species Bolivina dilatata for d
O measure- Figure 1 . Locations of the studied sediment cores ODP 1078C and M35003-4 in the tropical Atlantic Ocean, the sediment cores EN120 GGC, VM23-081, and NA87-22 in the North Atlantic, and the Greenland GISP2 ice core. ments at this core site (Figure 2a) . B. dilatata is a shallow infaunal species typical for low-oxygen environments of the upper continental slope [Schmiedl et al., 1997] . The d
O values of this species are similar to that of epibenthic species [Dunbar and Wefer, 1984] so that B. dilatata can be used to infer ambient bottom-water oxygen isotope composition and temperature variation. The d 18 O record of ODP core 1078C was measured at 2.5 cm sampling space, equivalent to an average resolution of $60 years. Bulk sediment samples were washed over 150-and 63-mm sieves and dried in an oven at 60°C for faunal analysis. From each sample, 15-30 specimens of B. dilatata (350-400 mm) were picked out for isotope analyses. The isotopic composition of the foraminiferal shells was measured using a Finnigan MAT 251 mass spectrometer equipped with an automatic carbonate preparation device and reported against VPDB. Internal precision, based on replicates of a limestone standard, was better than ±0.07%.
Stratigraphy
[7] The stratigraphy for core M35003-4 is based on 10 accelerator mass spectrometry (AMS) 14 C datings for the past 23,500 years (23.5 kyr) [Rühlemann et al., 1999; Hüls and Zahn, 2000] and for ODP core 1078C on 16 AMS 14 C datings for the past 22 kyr ( Table 1) . The 14 C ages were converted into a calendar year age scale using the CALIB conversion routine [Stuiver and Reimer, 1993; Stuiver et al., 1998 ] with the marine data set.
[8] Age control is of key importance when estimating rates of change and correlating records across the Atlantic. This is particularly critical for the Younger Dryas and Heinrich 1 events when the THC weakening may have caused an increase in surface water reservoir age (R surf ) of 100 -200 years in the tropical Atlantic [Stocker and Wright, 1996] compared to the modern values of $400 years [Bard, 1988] . Past R surf may have differed from today, but only sparse data exist. For the western tropical Atlantic, varved sediments from the Cariaco Basin in the southern Caribbean Sea (430 km SW of core site M35003-4) suggest that the present-day R surf of 420 years did not change between 11.5 and 9 cal kyr BP ]. Millennial changes in R surf of more than $100 years before 11.5 cal kyr are also unlikely given the limited variability of the tropical R surf between the end of the Pleistocene and the present [Stuiver et al., 1998 ]. Possible changes of R surf at the eastern Atlantic region of core site ODP 1078C are not documented, but recent freshwater experiments with the LSG ocean general circulation model suggest that changes of the regional 14 C reservoir age during the Younger Dryas and Heinrich event H1 are in the order of a few decades compared to a glacial value of 600 years . In summary, we have no evidence for changes in R surf of more than a few hundred years during the last deglaciation and the Holocene at either core site.
[9] Continuous timescales for both cores were obtained by linear interpolations between the age control points (Figure 2) . Core M35003-4 shows an almost linear agedepth relationship and constant sedimentation rates, indicating a relatively continuous supply of fine suspension to the core site. The age-depth relationship of ODP core 1078C exhibits a steepening between 14 and 9 kyr, a period of increased sea level rise [Fairbanks, 1989] when the rapid flooding of the African shelf led to intensified erosion and downslope transport of terrigenous particles causing enhanced sedimentation rates.
Model Setup and Experimental Design
[10] Here we use the Bremen Earth system model of intermediate complexity (BREMIC) ]. The ocean model component is based on the Hamburg large-scale geostrophic model LSG [Maier-Reimer et al., 1993] . The horizontal resolution is 3.5°on a semistaggered grid (type ''E'') with 11 levels in the vertical. A third-order QUICK scheme [Leonard, 1979; Radiocarbon ages were determined on samples of mixed planktic foraminifera and mollusk fragments. The 14 C ages were converted to calendar ages using the program CALIB 4.3 and the marine data set [Stuiver et al., 1998 ].
b These two samples were averaged to determine the calendar age for 711cm sediment depth. , respectively. A bottom boundary layer formulation is included to improve the representation of overflows [Lohmann, 1998] . In order to close the hydrological cycle, a runoff scheme transports freshwater from the continents to the ocean. We carried out two experiments, one with present-day conditions and a second with glacial conditions. To drive the ocean in the present-day experiment, monthly fields of wind stress, surface air temperature, and freshwater flux are taken from the control integrations of the atmospheric general circulation model ECHAM3/T42 [Roeckner et al., 1992; Lohmann and Lorenz, 2000] . For the surface heat flux Q we use a boundary condition of the form
as suggested by Rahmstorf and Willebrand [1995] . Here T a is the prescribed air temperature, and T s denotes the ocean surface temperature. Unlike conventional temperature restoring, the thermal boundary condition (1) , respectively. This choice enables the simulation of observed sea-surface temperatures as well as the maintenance of large-scale temperature anomalies in the North Atlantic during meltwater perturbation experiments . The hybrid-coupled model approach has been successfully employed in previous paleostudies [Prange et al., 2002; Knorr and Lohmann, 2003; Romanova et al., 2004] . The main advantage of this approach is that paleoceanographic observations can directly be ''assimilated'' into the model.
[11] For the glacial experiment the ECHAM3/T42 model was forced with Climate: Long Range Investigation, Mapping, and Prediction (CLIMAP) Project Members, [1981] sea-surface temperatures, with an additional cooling of 3°C for the tropical ocean between 30°S and 30°N [Lohmann and Lorenz, 2000] . The 3°C tropical cooling relative to CLIMAP Project Members [1981] provides a consistent picture of the LGM climate, concerning the hydrological cycle and annual mean surface temperatures [Lohmann and Lorenz, 2000] as well as the mean temperature of the coldest month and glacial snow lines (S. Lorenz and G. Lohmann, Reconciling snowlines with tropical sea-surface temperatures during the Last Glacial Maximum, submitted to Geochemistry, Geophysics, Geosystems, 2003) . Changes in insolation, atmospheric carbon dioxide concentration, and ice sheet distributions are taken into account. In all model components the ice age paleotopography of Peltier [1994] is applied along with a global sea level drop of 120 m. The model was integrated into equilibrium for both climatic situations (5000 years of model integration). Afterward, these equilibria were perturbed by a meltwater influx of 0.15 Sv into the North Atlantic between 40°N and 55°N, lasting 500 years. 
Climate Model Simulations for Present-Day and Glacial Background States
[13] Figure 4a shows the equilibrium temperature distributions in the Atlantic basin for present-day conditions and Figure 4b shows the glacial anomalies. At intermediate depths the glacial cooling relative to present-day conditions amounts to 2 -5°C; in the deep ocean it is around 2°C. For a detailed description of the surface hydrography we refer to Romanova et al. [2004] . In the glacial experiment the Atlantic meridional overturning circulation is 15 -20% weaker than in the present-day run ( Figure 5 ). This reduction is consistent with other model simulations for the climate of the Last Glacial Maximum [Ganopolski et al., 1998; Weaver et al., 1998; Shin et al., 2003] . However, we note that results from coupled general circulation models are contradictory, ranging from almost vanishing NADW formation [Kim et al., 2003 ] to a significant strengthening of Figure 3 . Oxygen isotope records of the benthic foraminifera Cibicidoides wuellerstorfi [Hüls, 2000] and Bolivina dilatata from sediment cores M35003-4 and ODP1078C, respectively. The solid lines denote the global d
18
O change [Fairbanks, 1989; Fairbanks et al., 1992] , plotted together with the benthic d
18 O data by matching the records in the late Holocene.
the glacial NADW circulation compared to the present [Hewitt et al., 2001; Kitoh et al., 2001] .
[14] In both experiments a North Atlantic freshwater flux perturbation of 0.15 Sv results in a complete breakdown of the THC ( Figure 5 ). Under present-day conditions the net export of NADW to the Southern Ocean drops from $8.5 to almost 0 Sv and does not recover after termination of the anomalous freshwater forcing. The THC settles into a new equilibrium, a socalled ''off'' mode. In contrast, the glacial conveyor starts to recover spontaneously as soon as the freshwater influx comes to an end. This monostable behavior of the glacial THC provides an explanation for THC recovery despite massive freshening in the North Atlantic during glacial times [Ganopolski and Rahmstorf, 2001; Prange et al., 2002; Romanova et al., 2004] .
[15] Disturbing the THC causes a redistribution of heat in the Atlantic basin. Figure 6a displays the response of the temperature field after 500 years of anomalous freshwater forcing for the present-day ocean. The upper layers show the well-known hemispheric seesaw with cooling in the Northern Hemisphere and warming in the Southern Hemisphere [Crowley, 1992; Stocker et al., 1992; Manabe and Stouffer, 1997] . In the middepth Atlantic Ocean the temperature increase is more widespread, owing to the reduced ventilation by cold intermediate and deep waters in conjunction with downward mixing of heat from the thermocline. Warming is strongest around 400 m water depth between 10°and 25°S in the present-day experiment. A similar pattern has been obtained by Rind et al. [2001] using the GISS coupled atmosphere-ocean model. The warming at 60°N is related to the shutdown of convection leading to reduced heat loss to the atmosphere.
[16] For the glacial freshwater perturbation experiment the same general structure of the temperature response is apparent as in the present-day simulation, although the upper layer seesaw is somewhat less pronounced (Figure 6b ). The strongest warming likewise occurs at middepths but further south than for the present-day experiment, between 20°and 40°S. At core locations M35003-4 and ODP 1078C the temperature increase is 0.6°C and 1.8°C, respectively.
Discussion
[17] The oxygen isotope composition of foraminiferal tests depends on both the d 18 O and the temperature of ambient seawater during calcification. Because the mean d 18 O of ocean water significantly changed during the deglaciation owing to the melting of continental ice and freshwater runoff, we corrected the benthic isotope records . Temporal evolution of the Atlantic meridional overturning circulation in meltwater perturbation experiments under (a) present-day and (b) glacial conditions (the time series are filtered by 2-year running means). In the unperturbed state (before year zero) the overturning ratio, i.e., the ratio of NADW export to the Southern Ocean across 30°S (shown here) and maximum overturning in the North Atlantic, is about 0.75. A meltwater input of 0.15 Sv is applied to the North Atlantic between years 0 and 500. After termination of the anomalous freshwater forcing, the present-day THC remains in the ''off'' mode, whereas the glacial circulation recovers (monostability).
by subtracting the global d
18
O ice effect [Fairbanks, 1989; Fairbanks et al., 1992] (heavy lines in Figure 3) (Figures 7f and 7g) .
[18] The Dd [Broecker, 1986] (or at most 0.2%, if a slope of 1 is used which would be more appropriate for a region indeed affected by meltwater with a d
O value of À30 to À40%). The modeled salinity change at the position of ODP core 1078C is around zero. Consequently, the major portion of the benthic d [Arz et al., 1999; Mulitza and Rühlemann, 2000] .
[19] A comparison of our intermediate depth temperature reconstructions (Figures 7f and 7g ) with high-resolution records of Greenland ice core oxygen isotopes [Stuiver and Grootes, 2000] (Figure 7a ), ice-rafted debris [Bond et al., 1999] (Figure 7b) , and sea-surface salinity [Duplessy et al., 1992] (Figure 7c ) from the northern North Atlantic, atmospheric radiocarbon derived from sediments of Lake Suigetsu, Japan [Kitagawa and van der Plicht, 2000] (Figure 7d) , and Cd/Ca ratios in benthic foraminiferal tests from the Bermuda Rise [Boyle and Keigwin, 1987] (Figure 7e) indicates that the shifts in d
18 O of the tropical Atlantic are associated with freshening of the northern North Atlantic, abrupt changes in the rate of Atlantic thermohaline overturning, and cooling of the atmosphere over Greenland. Variations in the amount of ice-rafted debris (Figure 7b ) indicate changes in freshwater flux to the North Atlantic owing to iceberg discharge from the adjacent continents with large increases during Heinrich event H1 and the Younger Dryas [Bond et al., 1999] , periods when sea-surface salinity in the North Atlantic decreased significantly (Figure 7c ) as inferred from temperature estimates based on foraminiferal assemblages and d
18 O of planktic foraminifera [Duplessy et al., 1992] . The record of D 14 C atm (Figure 7d ) is a function of the production rate of 14 C in the upper atmosphere and the sizes of and exchange rates between the major carbon reservoirs. North Atlantic Deep Water is presently the major source of 14 C to the deep sea, and changes in the strength of this water mass probably dominate the variations in D 14 C atm [Clark et al., 2002] . Positive anomalies in the D 14 C atm record hence largely reflect reduction in NADW formation and thermohaline overturning. The Cd/Ca maxima during Heinrich event H1 and the Younger Dryas likewise indicate a significant slowdown of NADW formation during these periods. Cd/Ca ratios of benthic foraminifera (Figure 7e ) Figure 6 . Response of the Atlantic Ocean to meltwater perturbations: (a) Zonally averaged temperature change at year 500 (end of meltwater perturbation) relative to the unperturbed equilibrium state for present-day conditions. (b) Same as in Figure 6a but for glacial conditions. Contour interval is 0.4°C; dashed lines represent cooling.
trace deep water nutrient variability, which is linked to changes in water mass contributions from low-nutrient (low Cd/Ca) North Atlantic and high-nutrient (high Cd/ Ca) Southern Ocean sources [Boyle and Keigwin, 1987] . The abrupt d
O decrease preceding Heinrich event H1 at 18 kyr, recorded in ODP 1078C (Figure 7f ), may be related to a meltwater event which is not resolved in the other proxy records shown here; there is, however, evidence for smaller precursors to Heinrich events [Bond et al., 1999] .
[20] Both model and paleoclimatic data consistently show a middepth warming during THC slowdown. The amplitude of the warming in the model, however, seems to be slightly less compared to data (Figure 6b ), which could either be interpreted as a model deficiency or data inaccuracy, or as the difficulty in interpreting the d
O signal. The model setup is admittedly simplified, so the underestimated warming may be attributed to missing feedbacks and simplified physics in the model. However, meltwater scenarios with fully coupled general atmosphere-ocean circulation models [Manabe and Stouffer, 1997; Rind et al., 2001; Lohmann, 2003] show similar temperature anomalies. The benthic Dd 18 O signal is superimposed by a long-term warming trend from glacial to Holocene climate conditions. A deglacial Southern Ocean sea ice retreat [Shemesh et al., 2002] during the Southern Hemisphere warming may lead to a resumption of the Atlantic conveyor circulation from weak glacial to strong interglacial THC conditions ] which may transform the southern warming globally. When subtracting this ''background warming'' at the end of the deglaciation, an intermediate depth warming of about 1°C during times of reduced overturning circulation is consistent with our paleoclimatic data ( Figure 7 ) and model results ( Figure 6 ). Furthermore, the deglacial temperature signal of ODP core 1078C may be influenced by changes in thermocline ventilation and preformed temperatures of Southern Ocean water masses supplied to the core location. The thermocline waters off Angola are currently fed by a mixture of Indian Ocean water and central water originating from the Subtropical Front [Tomczak and Godfrey, 1994] . Climate model experiments show that during the LGM the proportion of cool Southern Ocean water masses increased at the expense of warm Indian Ocean waters [Paul and Schäfer-Neth, 2003] . Hence a deglacial warming of the thermocline source waters may possibly cause an overestimation of the tropical Atlantic middepth warming related to the slowdown of NADW formation. Shown is a comparison of the ice volume corrected oxygen isotope records of the benthic foraminifera B. dilatata (f) and C. wuellerstorfi (g) [Hüls, 2000] [Bond et al., 1999] , (c) sea-surface salinity from sediment core NA87-22 (55°30 0 N, 14°42 0 W, 2161 m water depth) from the Rockall Plateau [Duplessy et al., 1992] , (d) atmospheric radiocarbon from sediments of Lake Suigetsu, Japan [Kitagawa and van der Plicht, 2000; adapted from Clark et al., 2002] , and (e) cadmium/calcium ratios of benthic foraminiferal tests in sediment core EN120 GGC1 (33°40 0 N, 57°37 0 W, 4450 m) from the Bermuda Rise [Boyle and Keigwin, 1987] . H1 and YD denote Heinrich event H1 and the Younger Dryas period, respectively.
[21] Both benthic Dd
O records show a warming at about 9 kyr (Figures 6f and 6g ), coeval with a reduction in seasurface salinity as obtained from core NA 87-22 proxy data (Figure 6c) . Moreover, the benthic d
18 O record of ODP core 1078C and the salinity reconstruction from the Rockall Plateau [Duplessy et al., 1992 ] reveal a close covariation over the entire Holocene interval with low d
O values (increased temperatures) off Angola corresponding to low salinities in the subpolar North Atlantic (Figure 9 ). We note that the reconstruction of sea-surface salinity from foraminiferal d
18 O critically depends on an independent SST estimate [Wolff et al., 1999; Schmidt, 1999] . A recent SST reconstruction for core NA 87-22, based on the revised analogue method [Waelbroeck et al., 2001] , shows Holocene temperatures that deviate from those given by Duplessy et al. [1992] , who used the Imbrie-Kipp transfer function method. Sea-surface salinities based on the data set of Waelbroeck et al. [2001] would thus differ from the curve shown in Figure 9 . However, taking the salinities shown in Figure 9 at face value, the covariation of increased middepth temperatures off Angola and low sea-surface salinities in the subpolar North Atlantic suggests that small changes in THC (compared to Heinrich events) might be related to middepth warming in the tropical Atlantic during the Holocene period as well. The results from our present-day model experiment indicate that these processes could operate in the modern ocean in a similar way. We thus may speculate that the tropical Atlantic middepth warming signature provides a sensitive indicator of THC slowdown also for future climate change.
Conclusions and Outlook
[22] Our benthic isotope records and climate model simulations consistently suggest that a breakdown of the Atlantic overturning circulation was accompanied by rapid and intense warming of the intermediate depth tropical Atlantic and that this increase of temperature is a persistent feature during glacial and interglacial climate state. Changes in atmospheric moisture transports as a possible response to increased greenhouse gas forcing may have a similar effect as the deglacial meltwater discharges into the northern North Atlantic. Even though model predictions of future THC slowdown have not arrived at a consensus yet, most simulations of the ocean in a climate with increasing atmospheric greenhouse-gas concentrations predict a weakening of thermohaline circulation in the North Atlantic as the subpolar seas become warmer and fresher owing to enhanced precipitation and freshwater runoff from adjacent continents [Manabe and Stouffer, 1992; Dixon et al., 1999; Wood et al., 1999; Cubasch et al., 2001] . However, the possible response for the next 100 years is rather uncertain: in some models the THC remains almost constant [Latif et al., 2000; Gent, 2001 ]. This uncertainty is likely due to model differences in climate sensitivity, in the response of the hydrological cycle, and in the representation of processes and feedbacks, indicating that the strength of stabilizing and destabilizing feedbacks influencing the THC is still largely unknown. The strong relationship between the strength of the THC and tropical Atlantic intermediate depth temperatures may thus be highly relevant for tracing present-day and future changes of the THC. Recent oceanographic observations provoke the question whether THC weakening is already under way. Analyzing long-term hydrographic records, Dickson et al. [2002] showed that the headwaters of NADW have steadily become less saline over the past four decades, while the Faroe Bank channel overflow, one of the main contributors to the deep waters of the North Atlantic, concurrently declined by at least 20% relative to 1950 [Hansen et al., 2001] . Akin to the ocean- Figure 8 . Response of the Atlantic salinity field to the meltwater perturbation under glacial conditions. Shown is the zonally averaged salinity change at year 500 (end of meltwater perturbation) relative to the unperturbed equilibrium state. Contour interval is 0.1 psu; dashed lines represent freshening. Figure 9 . Comparison of the ice volume corrected oxygen isotope record of the (b) benthic foraminifera B. dilatata with (a) the sea-surface salinity record reconstructed from sediment core NA87-22 (55°30 0 N, 14°42 0 W, 2161 m water depth) from the Rockall Plateau [Duplessy et al., 1992] . ographic processes during the last deglaciation, it is conceivable that a slowing of the THC should be accompanied by warming of tropical Atlantic intermediate depth waters. Using section data from the last 50 years in the tropicalsubtropical Atlantic Ocean, Arbic and Owens [2001] indeed revealed a considerable warming trend of 0.5°C century À1 between 1000 and 2000 m water depth.
[23] The oxygen isotope data of the high-resolution ODP core 1078C suggest temperature increases of 0.8°C century À1 and 0.7°C century À1 at the onset of Heinrich event H1 and the Younger Dryas (averaged between 12.9 and 12.2 kyr), respectively; values comparable to the rate of 0.5°C at which the modern middepth Atlantic warms. We thus argue that the rates of temperature change of intermediate depth waters at Heinrich event H1 and the Younger Dryas provide a benchmark against which to assess warming rates in the 20th century as well as in the future. A primary objective of several climate research programs (e.g., RAPID, UK) is the design of practical strategies for monitoring climate variability and THC changes, which has shown to be one of the most uncertain factors of possible future climate shifts [Cubasch et al., 2001; Knutti et al., 2002] . The characteristic and pronounced pattern of temperature change in the Atlantic Ocean may aid in tracing for past, present, and future climate shifts associated with THC changes. The use of fingerprint techniques [e.g., Hasselmann, 1993] can increase the detectability of THC changes, provided that the middepth warming signal related to THC slowdown can be separated from the anthropogenic signal leading to surface warming in the formation area of the middepth water masses. For this purpose a large number of sites in the entire Atlantic must be included to determine the complete pattern of temperature gradient changes.
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